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Description

Technical Field

[0001] The present invention relates to a method for
treating the surface of a material with a diamond-like car-
bon film formed thereon, a surface-treated material, a
medical material having excellent biocompatibility, and
a medical instrument.

Background Art

[0002] The diamond-like carbon film (DLC film) has a
hard, fine and inert surface. Therefore, when formed on
the surface of a material, for example, an inorganic ma-
terial, such as a metal, ceramic, etc., or an organic ma-
terial, such as a resin, etc., the DLC film can give the
surface of the material certain characteristics, such as
abrasion resistance, corrosion resistance, surface
smoothness, etc.
[0003] For example, it has been known that coating
the surface of a mold or tool with a DLC film improves
the durability and releasability. Further, the coating cre-
ates a very smooth and inert surface and therefore has
been a promising surface treatment for materials of med-
ical instruments which should not cause interactions with
biosubstances (see, for example, Patent Document 1
and Non-Patent Document 1).
[0004] Meanwhile, modifying the surface of a material
with various substances to achieve high functionality on
the material surface has been studied. With this, for ex-
ample, development of nanodevices for molecular rec-
ognition on a semiconductor surface modified with func-
tionality components, development of antithrombotic
medical materials where the surface of the materials is
modified with an antithrombotic material.
[0005] Various studies have been conducted especial-
ly on the means for providing biocompatibility, such as
antithrombogenicity, etc., to the.surface of a medical ma-
terial. For example, it has been known that a hydrogel
layer similar to the surface of a biomembrane can be
formed on the surface of a medical material by modifying
the surface of the medical material with a polymer con-
taining as one component an artificial material having a
chemical structure similar to the components of the bi-
omembrane, such as 2-methacryloyl-oxyethyl phospho-
rylcholine (MPC), o-methacryloyl-L-Serine (SerMA), or
the like, whereby excellent biocompatibility can be given
to the surface of the medical material.
[0006] The surface of the material which is to be mod-
ified by such a functionality component is preferably re-
fractory and inert. When the material surface has high
reactivity, there is a possibility that an interaction between
the material surface and a functionality molecule as a
modifier denatures and deactivates the modifier function-
ality component. Further, certain environments degrade
the material itself. Therefore, a material coated with a
very smooth, inert DLC film is expected to exhibit excel-

lent quality as a material which is to be modified with a
functionality component, etc.

[Patent Document 1] Japanese Laid-Open Patent
Publication No. 10-248923
[Non-Patent Document 1] Haruo Ito et al., "Bioma-
terial", 1985, Vol. 3, pp. 45-53

[0007] WO 02/080996 A1 relates to a medical implant
which comprises a DLC coating and a biodegradable
coating containing at least one medical active substance,
which is applied to the DLC coating. A suitable interme-
diate coating is applied between the two coatings to pro-
mote an improved adhesion of the biodegradable coat-
ing.

Disclosure of Invention

Problems to be solved by the invention

[0008] However, the DLC film is smooth and inert and
is therefore difficult to modify with a functionality compo-
nent, such as a biocompatible material, or the like. Since
the surface is very inert, it is almost impossible to cause
a chemical reaction between the surface and a function-
ality component for generating a covalent bond therebe-
tween. The very smooth surface is almost incapable of
physical adsorption. Even if a functionality component is
temporarily adsorbed by the surface, the component im-
mediately separates from the surface.
[0009] The present invention provides a solution to the
above-described problem. An objective of the present
invention is to realize a material where a base material
is coated with a DLC film stably modified for a long term
with a functionality component, typically a biocompatible
material, and a medical material having persistent, ex-
cellent biocompatibility.

Means for solving the problems

[0010] To achieve the above objective, according: to
the present invention, the base material is coated with a
diamond-like carbon film (DLC film) to which a function-
ality component, a biocompatible material, is grafted.
[0011] Specifically, a medical material of the present
invention includes a biocompatible component covalent-
ly bonded to a surface of a diamond-like carbon film
formed on a surface of a base material.
[0012] According to the medical material, the biocom-
patible component is bonded to the surface of the DLC
film formed on the surface of the base material. There-
fore, excellent biocompatibility can be given to the sur-
face of the DLC film. The biocompatible component is
covalently bonded to, the surface of the DLC film and
does not readily separate from the surface of the DLC
film. Since the DLC film is capable of a hard, dense coat-
ing over the surface of various base materials, the DLC
film itself does not separate, so that deterioration of the
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base material itself can be suppressed. As a result, it is
possible to realize a medical material which exhibits sta-
ble biocompatibility for a long term such that the biocom-
patible component does not separate.
[0013] In the medical material, the biocompatible com-
ponent is preferably a polymer introduced by graft po-
lymerization to the surface of the diamond-like carbon
film.
[0014] With such a structure, it is possible to introduce
a variety of freely designed molecules to the surface of
the DLC film.
[0015] In the medical is material, the biocompatible
component may be a polymer formed from vinylmono-
mers which contain fluorine and are grafted to the surface
of the diamond-like carbon film, or may be a molecule
containing silicon. The biocompatible component bond-
ed by a covalent bond to the surface of the diamond-like
carbon film With such structures, it is possible to surely
obtain a medical material in which separation of the bio-
compatible component from the DLC film does not occur.
[0016] In the medical material, the biocompatible com-
ponent preferably contains at least one functional group
selected from a group consisting of an ethylene oxide
group, a hydroxy group, a phosphate group, an amino
group, an amido group, a phosphorylcholine group a sul-
fone group, and a carboxyl group. With such functional
groups contained, the biocompatibility can be surely giv-
en to the surface of the medical material.
[0017] In the first medical material, an intermediate lay-
er may be provided between the base material and the
diamond-like carbon film, to improve adhesion between
the base material and the diamond-like carbon film. With
such a structure, the surface of the base material can be
more firmly coated with the DLC film. The intermediate
layer is preferably an amorphous film containing silicon
and carbon as primary constituents.
[0018] In the medical material of the present invention,
the base material is preferably a metal material, ceramic
material, or macromolecular material, or a complex there-
of.
[0019] A medical instrument of the present invention
is formed by using the medical material of the present
invention. With such a structure, a medical instrument
having excellent biocompatibility can be obtained.
[0020] The medical instrument of the present invention
is preferably a medical instrument which is to be embed-
ded in a living body. The medical instrument may be a
catheter, guide wire, stent, artificial cardiovalvular mem-
brane, or artificial joint.
[0021] The material surface treating method of the
present invention, includes: a diamond-like carbon film
formation step of forming a diamond-like carbon film on
a surface of a base material; an activation step of irradi-
ating a surface of the diamond-like carbon film and clear-
ing carbon to carbon bonds to generate thereon free med-
icals which serve as a polymerization starting point; and
a polymerization step of polymerizing monomers using
the polymerization starting point to graft the monomers

to the surface of the diamond-like carbon film.
[0022] The material surface treating method of the
present invention includes the active step of irradiating
a surface of the diamond-like carbon film and clearing
carbon to carbon bonds to generate thereon free medi-
cals which serve as a polymerization starting point and
the step of polymerizing monomers using the polymeri-
zation starting point. Therefore, it is possible to graft the
polymer to the surface of the inert diamond-like carbon
film. It is possible to modify the surface of the DLC film
with the polymer stably for a long term. It is possible to
give both the characteristics of the DLC film, such as
durability, etc., and the characteristics of the polymer.
[0023] The material surface treating method preferably
includes, before the diamond-like carbon film formation
step, an intermediate layer formation step of forming on
the surface of the base material an intermediate layer for
improving adhesion between the base material and the
diamond-like carbon film. With this, it is possible to surely
coat the surface of the base material with the DLC film.
In the intermediate layer formation step, the intermediate
layer is preferably formed of an amorphous film contain-
ing silicon and carbon as primary constituents.
[0024] In the material surface treating method, the ac-
tivation step is the step of generating a free radical as
the polymerization starting point. The activation step is
preferably a plasma irradiation step of irradiating the sur-
face of the diamond-like carbon film with plasma. With
these features, the polymerization starting point can be
surely generated on the surface of the DLC film. The
plasma irradiation step preferably uses, as the plasma,
argon, xenon, neon, helium, krypton, nitrogen, oxygen,
ammonium, hydrogen, or water vapor.
[0025] In the material surface treating method, the
base material is a base material for a medical material.
The polymer is a biocompatible component. With such
features, a base material which exhibits stable biocom-
patibility for a long term can be obtained, and a medical
material with excellent biocompatibility can be realized.

Effects of the invention

[0026] According to the present invention, a material
wherein the surface of a base material is coated with a
DLC film, and the DLC film is modified with a functionality
component, a biocompatible material, stably for a long
term, and a medical material and medical instrument with
excellent biocompatibility can be realized.

Brief Description of Drawings

[0027]

FIG. 1 is a schematic view of an ionic vapor deposi-
tion apparatus according to an embodiment of the
present invention.
FIG. 2 is a schematic view of a plasma irradiation
apparatus which is used for a medical material pro-
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duction method according to an embodiment of the
present invention.
FIG. 3(a) and FIG. 3(b) show results of XPS meas-
urement of the surface of a DLC film formed on a
base material of aluminum based on a medical ma-
terial production method according to an embodi-
ment of the present invention. FIG. 3(a) shows the
measurement result obtained before HMPA graft.
FIG. 3(b) shows the measurement result obtained
after HMPA graft.

Description of Reference Numerals

[0028]

1 Substrate

2 Arc Discharge Plasma Generator

11 Base Material

21 Chamber

22 Vacuum Pump

23 Electrode

24 Electrode

25 High Frequency Power Supply

26 Matching Network

Best Mode for Carrying Out the Invention

[0029] The present inventors found that irradiating an
inert DLC film, which has no reactivity in nature, with plas-
ma, or the like, can activate the DLC film, so that mono-
mers can be grafted to the surface of the DLC film by
graft polymerization, or various functional groups can be
introduced to the surface of the DLC film.
[0030] Thus, for example, after the surface of a DLC
film formed on the surface of a base material, such as a
metal, ceramic, resin, rubber, or the like, is activated,
various functionality components are chemically bonded
to the surface of the DLC film by means of graft polym-
erization, covalent bond, ionic bond, or the like, whereby
the surface of the material is protected while various char-
acteristics can be given to the material stably for a long
term.
[0031] The present inventors also found that, when a
biocompatible component is chemically bonded to the
surface of the DLC film, a medical material which exhibits
excellent biocompatibility for a long term can be realized
wherein none of separation of the biocompatible compo-
nent from the material surface and deterioration of the
material occurs, and completed the present invention.
Hereinafter, a structure of the present invention is de-

scribed.
[0032] The base material used in the present invention
is a metal material, a semiconductor material, such as
silicon, or the like, a ceramic material, rubber, a polymeric
material, such as a resin, or the like, or a complex thereof.
The base material is subjected to various processes for
medical uses, semiconductor uses, or other uses. For
example, in medical uses, the base material of the
present invention is used as a base material of a medical
material used for manufacturing a medical instrument
which comes in contact with a living body or organic com-
ponent, typically a catheter, guide wire, stent, artificial
cardiovalvular membrane, and artificial joint. The medical
material includes materials used for medical instruments,
such as wires, tubes, plates, etc., one that obtained by
processing any of these materials in the shape of a med-
ical instrument, and one that is in the midst of the forma-
tion of the medical instrument. As for semiconductor us-
es, the base material may be, for example, a semicon-
ductor substrate which is a constituent of a semiconduc-
tor device.
[0033] Although the type of the base material is not
limited to anything particular, a metal, such as iron, nickel,
chrome, copper, titanium, platinum, tungsten, tantalum,
or the like, can be used. Also, alloys of these metals, for
example, stainless steel, such as SUS316L, or the like,
a shape memory alloy, such as a Ti-Ni alloy, a Cu-Al-Mn
alloy, or the like, other alloys, such as a Cu-Zn alloy, a
Ni-Al alloy, a titanium alloy, a tantalum alloy, a platinum
alloy, a tungsten alloy, or the like, can be used.
[0034] Alternatively, the base material may be a silicon
or gallium semiconductor material, aluminum, silicon or
zirconium oxide, silicon or zirconium nitride, ceramic or
apatite, such as a carbide, or bioactive ceramic, such as
bioglass, or the like. The base material may be a mac-
romolecular resin, such as polymethyl methacrylate (PM-
MA), high density polyethylene, polyacetal, or the like, a
silicon polymer, such as polydimethylsiloxane, or the like,
or a fluoric polymer, such as polytetrafluoroethylene, or
the like.
[0035] The DLC film formed on the surface of the base
material is a film formed of diamond-like carbon (which
may contain a very small amount of any other component
as an impurity). This film is very smooth and inert in na-
ture. However, free radicals or ion species can be gen-
erated by irradiating the surface of the DLC film with plas-
ma, or the like, and cleaving some of diamond (carbon
to carbon) bonds on the surface. Accordingly, a function-
ality component can be grafted by graft polymerization
to the surface of the DLC film, or various functional groups
can be introduced to the surface of the DLC film by means
of reactions with various substances after activation.
[0036] Although the surface of the base material has
irregularities on the order of microscale or nanoscale,
formation of a DLC film on the surface of the base material
can achieve a smooth surface. With the smooth surface,
it is possible to uniformly irradiate the surface of the base
material with plasma, so that uniform graft polymerization
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can be performed over the surface of the base material.
Since the DLC film is a very dense and hard film, a foreign
component can be prevented from permeating the DLC
film and deteriorating the base material. Therefore, the
material of the present invention can be used for a prod-
uct used in an environment in which the acid resistance
or alkali resistance is required or a product used in a
living body.
[0037] In the present invention, the DLC film can be
formed on the surface of the base material using a known
method, such as sputtering, DC magnetron sputtering,
RF magnetron sputtering, chemical vapor deposition
(CVD), plasma CVD, plasma-based ion implantation,
plasma-based ion implantation with superimposed RF
and high-voltage pulses, ionic plating, arc ionic plating,
ion beam deposition, laser ablation, or the like. The thick-
ness of the DLC film is not limited to any particular thick-
ness but is preferably in the range of 0.01 to 3 mm and,
more preferably, in the range of 0.02 to 1 mm.
[0038] Although the DLC film can be directly formed
on the surface of the base material, an intermediate layer
may be provided between the base material and the DLC
film for more firmly adhering the base material and the
DLC film. The material of the intermediate layer can be
selected among various materials according to the type
of the base material. Any known material, such as an
amorphous film of silicon (Si) and carbon (C), an amor-
phous film of titanium (Ti) and carbon (C), an amorphous
film of chromium (Cr) and carbon (C), or the like, can be
used for the intermediate layer. The thickness of the in-
termediate layer is not limited to any particular thickness
but is preferably in the range of 0.005 to 0.3 mm and,
more preferably, in the range of 0.01 to 0.1 mm.
[0039] The intermediate layer can be formed using a
known method. For example, sputtering, CVD, plasma
CVD, flame spraying, ionic plating, arc ionic plating, or
the like, may be used.
[0040] According to the present invention, the surface
of a DLC film is activated by energy irradiation on the
DLC film with plasma, light, or the like, whereby a radical,
ion, or the like, which serves as a polymerization starting
point, can be generated on the surface of the DLC film.
In the case of plasma irradiation, a gas capable of dis-
connecting a carbon to carbon bond present on the sur-
face of the DLC film, such as argon (Ar), neon (Ne), he-
lium (He), krypton (Kr), xenon (Xe), nitrogen gas (N2),
oxygen gas (O2), ammonium gas (NH4), hydrogen gas
(H2), water vapor (H2O), or the like, or a mixture gas
thereof can be used as a plasma gas source. Alterna-
tively, the surface of the DLC film can be activated by
means of irradiation with ultraviolet light or ultraviolet
ozone.
[0041] The activated surface of the DLC film has rad-
icals, or the like, which serve as polymerization starting
points. Therefore, various organic components can be
grafted to the surface of the DLC film by graft-polymer-
izing various radical-polymerizable monomers on the ac-
tivated surface of the DLC film. Therefore, an addition-

polymerizable monomer, such as a vinylmonomer having
the general formula of Formula 1, a vinylidene monomer
having the general formula of Formula 2, a vinylene mon-
omer having the general formula of Formula 3, a cyclic
vinylene monomer having the general formula of Formula
4, or the like, can be graft-polymerized at a polymerization
starting point generated on the surface of the DLC film.
[0042] Since the polymerization starting points can be
generated on only part of the surface of the DLC film
subjected to energy irradiation, a polymer can be intro-
duced by graft polymerization only at a desired position
over the surface of the base material using an appropriate
mask. Further, the density of the polymer on the surface
of the base material can be freely adjusted. For example,
in the case where antithrombogenicity is given to the base
material, the adjustment of the surface density of an an-
tithrombotic macromolecular material grafted to the sur-
face of the DLC film is important. According to the present
invention, the surface density is readily adjustable.

[0043] In the monomer structures of Formula 1 to For-
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mula 3, substituents X and Y are ester or amido, typically
-COOR1, -CONR2, or the like. Substituents X and Y in
the same molecule may be identical or may be different.
In the monomer structure of Formula 4, substituent Z is
ester or amido which is a constituent of a cyclic structure
and typically is -CO-O-CO-, -CO-NR3-CO-, or the like.
[0044] Especially in the case where the material is ap-
plied to medical uses, R1 to R3 are each has a structure
containing a highly biocompatible constituent, for exam-
ple, a functional group, such as an ethyleneoxide group,
hydroxy group, amino group, phosphorylcholine group,
phosphate group, sulfone group, nucleobase, or the like,
a monosaccharide, or a polysaccharide. It is preferably
a molecule which forms a hydrogel layer at the interface
with water when graft-polymerized.
[0045] Other than hydrophilic monomers, it may be a
monomer containing dimethylsiloxane, fluorine, or the
like, which is unlikely to adsorb protein and exhibits high
hydrophobicity and biocomparibility.
[0046] Specifically, a known polymerizable monomer
from which a biocompatible polymer is obtained when
graft polymerized, such as 2-methacryloyl-oxyethyl
phosphorylcholine (MPC), 2-acryloyl-oxyethyl phospho-
rylcholine, 1-methyl-2-methacryloyl-amideethyl phos-
phorylcholine, 2-glucoxy-oxyethyl methacryl acid, sulfat-
ed 2-glucoxy-oxyethyl methacryl acid, p-N-vinylbenzyl-
D-lactone amide, p-N-vinylbenzyl-D-propione amide, p-
N-vinylbenzyl-D-malto-trione amide, o-methacryloyl-L-
serine, o-methacryloyl-L-threonine, o-methacryloyl-L-ty-
rosine, o-methacryloyl-L-hydroxyproline, 2-methoxye-
thyl methacryl amide, 2-methoxyethyl acryl amide, 2-hy-
droxyethyl acryl acid, N-2-hydroxypropyl methacryl
amide, N-isopropyl acryl amide, N-vinylpyrrolidone, vi-
nylphenol, N-2-hydroxy acryl amide, acryl amide deriva-
tive monomer, methacryl amide derivative monomer,
phospholipid-like vinylmonomer, mocromonomer of pol-
yethylenoxyde, or the like, can be used.
[0047] For example, a hydrogel layer, which has the
function of inhibiting recognition of a foreign substance
by a living body similarly to the surface of a biomembrane,
can be formed on the surface of a DLC film by introducing
MPC to the surface of the DLC film by graft polymeriza-
tion. Since phospholipid present in blood is oriented/dis-
posed on the basis of MPC grafted to the surface of the
DLC film as a core, a function similar to that of the bi-
omembrane can be given to the surface of the DLC film.
[0048] The above-listed monomers may be solely
graft-polymerized or may be graft-polymerized in the
form of a multidimensional copolymer. The graft polym-
erization may be performed at a single step or may be
repeatedly performed in multi steps.
[0049] Although the optimum molecular weight of a pol-
ymer obtained by the graft polymerization depends on
the use of the material, the type of a monomer to be
grafted, etc., the component to be grafted to the surface
is not limited to a macromolecule but may be an oligomer
where the molecular weight of the polymer is 1000 or
less. Especially when the material is applied to a medical

use, the component may be one that the characteristics,
such as the surface wettability of the material, etc., are
changeable.
[0050] Although the above-described example uses
radical polymerization, the graft can be achieved with
anion polymerization or cation polymerization instead of
radical polymerization by generating cation species or
anion species as polymerization starting points on the
surface of the DLC film. These polymerization starting
points can be generated by means of low-temperature
plasma irradiation, ultraviolet or ultraviolet ozone irradi-
ation, γ-ray, or the like.
[0051] The method for modifying with a functionality
component the surface of the DLC film which serves as
a coating over the surface of the base material is not
limited to the graft polymerization of monomers. For ex-
ample, the technique of grafting a molecular chain may
be employed wherein, for example, a functional group,
such as an amino group, a carboxyl group, or the like, is
introduced to the surface of the DLC film, and the func-
tional group introduced to the surface of the DLC film and
a functional group of the molecular chain are brought into
a reaction.
[0052] The surface of the DLC film is activated by, for
example, a plasma treatment so that an active point, such
as a radical, or the like, is generated, and then, the active
point is brought into a reaction with water or oxygen,
whereby a hydroxy group can readily be introduced to
the surface of the DLC film.
[0053] The hydroxy group introduced to the surface of
the DLC film can readily be converted into an amino
group, a carboxyl group, an isocyanate group, or a vinyl
group by means of a reaction with a functional alkoxy
silane derivative, such as 3-aminopropyltrimethoxysi-
lane, or the like, a functional carboxylic acid, such as 2-
mercaptoacetic acid, or the like, a diisocyanate deriva-
tive, 2-methacryloyl-oxyethyl isocyanate, 2-acryloyl-ox-
yethyl isocyanate, N-methacryloyl-succinimide, or N-
acryloyl-succinimide. A functionality component contain-
ing in the molecule a functional group which cause a re-
action with the functional group introduced to the surface
of the DLC film, for example, an amino group, a carboxyl
group, an isocyanate group, or a trialkyloxysilane group
such as trimethoxysilane, triethoxysilane, etc., can read-
ily be covalent-bonded to the surface of the DLC film.
Even when the functionality component does not include
a functional group which causes a direct reaction with
the functional group on the surface of the DLC film, a
functional group can be covalent-bonded to the surface
of the DLC film by using a bifunctional reagent.
[0054] Especially when the material is applied to a
medical use, a tissue-derived component having a func-
tional group, such as peptide, protein, nucleobase, sugar
chain, chitin, chitosan, or the like, or a biocompatible mac-
romolecular chain including a hydroxy group, a carboxyl
group, or amino group introduced by chain transfer re-
action at a terminal may be brought into a coupling reac-
tion with a functional group introduced to the surface of
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the DLC film in advance and fixed by covalent bond. The
functionality component is not limited to a macromolecu-
lar chain but may be a low molecular component, such
as an amino acid and a monosaccharide, and oligomers
thereof. The reaction for converting the functional group
is not limited to a single step reaction but may be a multi-
step reaction. For example, the functional group may be
converted in multi steps such that a hydroxy group is
converted to an amino group and then to a vinyl group.
[0055] A biocompatible component may be introduced
to the surface of the DLC film by forming an ionic bond
between the surface of the DLC film and the biocompat-
ible component using an ionic functional group present
in the biocompatible component, such as a carboxyl
group, amino group, phosphate group, or the like. In this
case, the biocompatible component can readily be intro-
duced to the surface of the DLC film even if it is an inor-
ganic component, such as hydroxyapatite, or the like.
[0056] Biocompatibility may be given to the DLC film
itself by introducing a functional group to the surface of
the DLC film to alter the surface of the DLC film into a
hydrophilic surface instead of introducing another bio-
compatible component to the surface of the DLC film.

(Example)

[0057] Hereinafter, the present invention is described
in more detail along with an example but is not limited to
this example in any respect.

--- Coating with DLC film ---

[0058] Coating of a DLC film over the base material is
first described. In this example, an aluminum alloy (equiv-
alent to JIS-8021 alloy) having a length of 50 mm, a width
of 5 mm, and a thickness of 55 mm and polyethylene
terephthalate (PET) were used for the base material.
[0059] FIG. 1 is a schematic view of an ionic vapor
deposition apparatus used in this example. The ionic va-
por deposition apparatus is a commonly-employed ionic
vapor deposition apparatus wherein benzene (C6H6) gas
is introduced as a carbon source into a DC arc discharge
plasma generator 2 provided inside a vacuum chamber
to generate plasma, and the generated plasma is collided
with a substrate 1 biased to a negative voltage, which is
a subject of the coating, whereby the plasma is solidified
over the substrate 1 to form a film.
[0060] The base material was set inside the chamber
of the ionic vapor deposition apparatus shown in FIG. 1,
and argon gas (Ar) at the pressure of 10-3 to 10-5 Torr
was introduced into the chamber, and then, a bombard-
ment cleaning was carried out for about 30 minutes
wherein Ar ions were generated by electric discharge,
and the generated Ar ions were collided with the surface
of the base material.
[0061] Then, tetramethylsilane (Si(CH3)4) was intro-
duced into the chamber to form, as an intermediate layer,
an amorphous film having a thickness of 0.02 mm to 0.05

mm containing silicon (Si) and carbon (C) as primary con-
stituents.
[0062] After the formation of the intermediate layer,
C6H6 gas was introduced into the chamber, and the gas
pressure was set to 10-3 Torr. Electric discharge was
performed while C6H6 was continuously introduced at
the rate of 30 ml/min to ionize C6H6. Then, ionic vapor
deposition was performed for about 10 minutes to form
a DLC film having a thickness of 0.1 mm over the surface
of the base material.
[0063] The formation of the DLC film was carried out
under the following conditions: Substrate Voltage 1.5 kV,
Substrate Current 50 mA, Filament Voltage 14 V, Fila-
ment Current 30 A, Anode Voltage 50V, Anode Current
0.6 A, Reflector Voltage 50 V, Reflector Current 6 mA.
The temperature of the substrate was about 160°C.
[0064] The intermediate layer was provided for improv-
ing the adherence between the base material and the
DLC film but may be omitted if sufficient adherence can
be secured between the base material and the DLC film.
[0065] In this example, C6H6 gas was solely used as
the carbon source, but mixture gas of C6H6 and fluoro-
carbon gas, such as CF4, or the like, may be used for
forming a DLC film containing fluorine over the surface
of the base material.

--- Activation of DLC film ---

[0066] The DLC film formed over the surface of the
base material was irradiated with plasma to activate the
surface, and then a functionality component was grafted
to the surface of the DLC film. FIG. 2 is a schematic view
of a plasma irradiation apparatus used in this example.
[0067] As shown in FIG. 2, the plasma irradiation ap-
paratus is a commonly-employed plasma irradiation ap-
paratus wherein a chamber 21 formed by a separable
flask, to which a vacuum pump 22 is connected and with
which gas replacement is possible, is provided with elec-
trodes 23 and 24 at the barrel and bottom, respectively,
and a high frequency wave is applied to the electrodes
through a matching network from a high frequency
source 26 to generate plasma inside the chamber 21.
[0068] Firstly, the base material 11 with the DLC film
formed thereon was set inside the chamber 21 of the
plasma irradiation apparatus, and Ar gas was introduced
so that the inner pressure of the chamber 21 was 1.3 Pa.
Then, a high frequency wave of 20 W was applied to the
electrodes 23 and 24 using the high frequency source
26 (JRF-300 manufactured by JEOL Ltd.; Frequency
13.56 MHz) to generate plasma inside the chamber 21.
The DLC film formed on the base material 11 was irra-
diated with the plasma for about 2 minutes to produce
radicals on the surface of the DLC film.

--- Graft to DLC film ---

[0069] In this example illustrated herein, hydrophilic 2-
hydroxypropyl methacryl amide (HPMA) was grafted to
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the activated DLC film.
[0070] After the plasma irradiation, the base material
was exposed to air for about 1 minute and then inserted
into a glass polymerization tube together with 10 ml of
ethanol solution of HPMA (concentration: 0.17 g/ml). The
cycle of freezing - deaeration - nitride replacement in liq-
uid nitrogen was repeated several times to purge dis-
solved oxygen from the polymerization tube. Thereafter,
the polymerization tube was sealed under a reduced
pressure, and polymerization was carried out at 80°C for
24 hours, whereby HPMA was graft-polymerized over
the surface of the DLC film to graft the polymer of HPMA.
[0071] After the polymerization, the base material was
immersed into an abundant amount of ethanol and then
washed with an abundant amount of phosphoric acid
buffer solution (pH=7.4) before freeze drying. As a result,
a graft base material with a grafted HPMA polymer was
obtained. It should be noted that, after the plasma irra-
diation, the base material is not necessarily exposed to
air.
[0072] We measured the composition of elements
present at the surface of the obtained graft base material
using X-ray photoelectron spectroscopy (XPS) and con-
firmed introduction of HPMA. The XPS measurement
was carried out using a XPS/ESCA apparatus, Model
5600 CiMC, manufactured by Perkin Elmer, Inc., and the
X-ray source was a monochromatized Alka (1486.5 eV)
at the power of 100 w (14 kV, 7 mA). In the measurement,
a neutralizer was used as a neutralizing electron gun,
and the depth of the measurement was 4 nm.
[0073] FIG. 3 shows the results of XPS measurement
of the distribution of elements present at the surface of
a DLC film formed on a base material of aluminum. FIG.
3(a) shows the result of a base material surface meas-
urement before a HPMA polymer was grafted. FIG. 3(b)
shows the result of a base material surface measurement
after the HPMA polymer was grafted.
[0074] Referring to FIG. 3(b), as for the DLC film sur-
face after the HPMA polymer graft, we found the 1s peak
of nitrogen (N), which was not seen before the graft (FIG.
3(a)). The constitution ratio of carbon (C), oxygen (O),
and nitrogen (N) obtained from the peak areas was C:
85.1%, O: 13.93%, N:0.89% before the graft, but C:
85.1%, O: 13.93%, N: 0.89% after the graft. That is, ni-
trogen (N) and oxygen (O) were greatly increased with
respect to carbon (C). This indicates that a HPMA poly-
mer was grafted to the surface of the DLC film and, as a
result, an amido group was introduced to the surface of
the DLC film.
[0075] We also grafted a HPMA polymer to a DLC film
formed on a base material of PET and carried out the
above-described measurement on this sample. We also
found the 1s peak of nitrogen after the HPMA polymer
graft, which was not seen before the graft, and confirmed
introduction of the HPMA polymer as in the case of the
aluminum base material.
[0076] Then, the wettability of the surface of the ob-
tained graft base material was measured using a contact

angle measurement apparatus. The measurement of the
contact angle was carried out using a goniometer-based
contact angle measurement apparatus G-I manufactured
by ERMA Inc.), wherein a water drop of 15 ml was placed
on the surface of the medical material, and 50 seconds
later, the left contact angle was measured, and 70 sec-
onds later, the right contact angle was measured. The
measurement value was the average of values at 10
measurement points.
[0077] In the case where a HPMA polymer was grafted
to the surface of the DLC film formed on the aluminum
base material, the contact angle of 67.863.5° before the
graft of the HPMA polymer was decreased to 51.863.0°
after the graft. This indicates that the HPMA polymer
grafted to the surface of the DLC film changed the surface
to be hydrophilic, thereby improving the biocompatibility
of the graft base material.
[0078] In the case of the PET base material, the contact
angle of 80.262.2° before the graft of the HPMA polymer
was decreased to 52.162.5° after the graft. This indi-
cates that the surface was changed to be hydrophilic as
was in the case of the aluminum base material.
[0079] As described above, a polymer of HPMA is
grafted to the surface of a DLC film formed on a medical
material so that the surface of the DLC film becomes
hydrophilic, whereby a hydrogel layer which inhibits for-
eign substance recognition by a living body is formed on
the surface of the DLC film. Therefore, the biocompati-
bility of the medical material is improved. Since the HPMA
polymer is introduced to the surface of the DLC film by
graft polymerization so as not to readily separate, stable
biocompatibility can be maintained for a long term.
[0080] By using the procedure of this example, a hy-
drophilic hydroxy group can be introduced to the surface
of a DLC film. A DLC film was treated with plasma ac-
cording to the procedure of this example and subjected
to an exposure treatment in air for 2 minutes. The result-
ant sample was subjected to the XPS measurement and
contact angle measurement. In the XPS measurement,
we saw a C1s peak based on C-O bonds near 287 eV,
which was not seen in an untreated DLC film, and con-
firmed introduction of a hydroxy group. The contact angle
of 79.263.0° before the plasma treatment was de-
creased to 69.863.2° after the plasma treatment, which
means an improvement in the wettability of the surface
of the DLC film. This indicates that exposure of the plas-
ma-treated DLC film to air caused a reaction of radicals
produced at the surface of the DLC film and oxygen in
air, whereby a hydroxy group was introduced to the sur-
face of the DLC film.
[0081] As described above, according to the present
invention, it is possible to cover the surface of a base
material with an inert DLC film and freely modify the sur-
face of the DLC film with various molecules. With this, it
is possible not only to improve the durability of the base
material but also to give a functionality of a molecule with
which the surface of the DLC film is modified. For exam-
ple, if the DLC film is modified with a molecule having

13 14 



EP 1 754 684 B1

9

5

10

15

20

25

30

35

40

45

50

55

the function of biocompatibility, a medical material which
exhibits high durability and stable biocompatibility for a
long term is obtained. Alternatively, by grafting stimuli-
sensitive biocompatible gel to the surface of a DLC film,
it is possible to achieve a cell culture material which caus-
es less damage when separated or a highly-active bio-
reactor material.
[0082] Still alternatively, for example, the surface of a
semiconductor substrate, such as a silicon, or the like,
is coated with a DLC film, and then, a polymer is graft-
polymerized to the DLC film, whereby the polymer is sta-
bly introduced to the surface of the semiconductor sub-
strate. The resultant material can be used for an organic
semiconductor device wherein molecular recognition is
performed at the surface of the substrate. Since it is pos-
sible not only to perform the graft over the entire surface
of the DLC film but also to perform the graft in an arbitrary
pattern, the material can be applied to a microsensor
which is used for measurement of a minute amount of
substance, or the like.

Industrial Applicability

[0083] According to a material surface treatment meth-
od, surface-treated material, medical material, and med-
ical instrument of the present invention, a material with
a coating of diamond-like carbon film can be realized
wherein the surface of a base material is coated with a
diamond-like carbon film, and the diamond-like carbon
film is modified with a functionality component, such as
a biocompatible component, or the like, stably for a long
term. Therefore, the present invention is useful not only
as a method for treating the surface of a material with a
diamond-like carbon film formed thereon and a surface-
treated material but also as a medical material with ex-
cellent biocompatibility and a medical instrument formed
of the medical material. Further, it is possible to give the
material a functionality other than biocompatibility. The
present invention is also useful as a material for an or-
ganic semiconductor device, or the like.

Claims

1. A medical material comprising a biocompatible com-
ponent,
wherein the biocompatible component is covalently
bonded to a surface of a diamond-like carbon film,
which is formed on a surface of a base material,
wherein the biocompatible component is a polymer
introduced by graft polymerization to the surface of
the diamond like carbon film which has been activat-
ed by cleaving carbon to carbon bonds.

2. The medical material of claim 1, wherein the biocom-
patible component is a polymer formed by grafting
vinylmonomers which contain fluorine to the surface
of the diamond-like carbon film.

3. The medical material of claim 1, wherein the biocom-
patible component is a molecule containing silicon.

4. The medical material of claim 1, wherein the biocom-
patible component contains at least one functional
group selected from a group consisting of an ethyl-
ene oxide group, a hydroxy group, a phosphate
group, an amino group, an amido group, a phospho-
rylcholine group, a sulfone group, and a carboxyl
group.

5. The medical material of claim 1, wherein an interme-
diate layer is provided between the base material
and the diamond-like carbon film to improve adhe-
sion between the base material and the diamond-
like carbon film.

6. The medical material of claim 5, wherein the inter-
mediate layer is an amorphous film containing silicon
and carbon as primary constituents.

7. A method for treating the surface of a base material
for a medical material, comprising:

a diamond-like carbon film formation step of
forming a diamond-like carbon film on a surface
of the base material;
an activation step of irradiating a surface of the
diamond-like carbon film and cleaving carbon to
carbon bonds to generate thereon free radicals
which serve as a polymerization starting point;
and
a polymerization step of polymerizing mono-
mers using the polymerization starting point to
graft the monomers to the surface of the dia-
mond-like carbon film, wherein the polymer is a
biocompatible component.

8. The method of claim 7 further comprising, before the
diamond-like carbon film formation step, an interme-
diate layer formation step of forming on the surface
of the base material an intermediate layer for improv-
ing adhesion between the base material and the dia-
mond-like carbon film.

9. The method of claim 8, wherein, in the intermediate
layer formation step, the intermediate layer is formed
of an amorphous film containing silicon and carbon
as primary constituents.

10. The method of claim 7, wherein the activation step
is the step of generating a free radical as the polym-
erization starting point.

11. The method of claim 7, wherein the activation step
is a plasma irradiation step of irradiating the surface
of the diamond-like carbon film with plasma.
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12. The method of claim 11, wherein the plasma irradi-
ation step uses, as the plasma, argon, xenon, neon,
helium, krypton, nitrogen, oxygen, ammonium, hy-
drogen, or water vapor.

Patentansprüche

1. Medizinisches Material, welches eine biokompatible
Komponente umfasst,
wobei die biokompatible Komponente kovalent mit
einer Oberfläche eines diamantartigen Kohlenstoff-
films gebondet ist, der auf einer Oberfläche eines
Grundmaterials gebildet ist,
wobei die biokompatible Komponente ein an der
Oberfläche des diamantartigen Kohlenstofffilms, die
durch Spalten von Kohlenstoff-Kohlenstoff-Bindun-
gen aktiviert wurde, durch Pfropfpolymerisation ein-
gebrachtes Polymer ist.

2. Medizinisches Material nach Anspruch 1, wobei die
biokompatible Komponente ein Polymer ist, das
durch Pfropfen von Vinylmonomeren, welche Fluor
enthalten, an die Oberfläche des diamantartigen
Kohlenstofffilms gebildet ist.

3. Medizinisches Material nach Anspruch 1, wobei die
biokompatible Komponente ein Silizium enthalten-
des Molekül ist.

4. Medizinisches Material nach Anspruch 1, wobei die
biokompatible Komponente mindestens eine funkti-
onelle Gruppe gewählt aus einer Gruppe bestehend
aus einer Ethyxlenoxidgruppe, einer Hydroxygrup-
pe, einer Phosphatgruppe, einer Aminogruppe, ei-
ner Amidogruppe, einer Phosphorylcholingruppe,
einer Sulfongruppe und einer Carboxylgruppe ent-
hält.

5. Medizinisches Material nach Anspruch 1, wobei zwi-
schen dem Grundmaterial und dem diamantartigen
Kohlenstofffilm eine Zwischenschicht vorgesehen
ist, um die Adhäsion zwischen dem Grundmaterial
und dem diamantartigen Kohlenstofffilm zu verbes-
sern.

6. Medizinisches Material nach Anspruch 5, wobei die
Zwischenschicht ein amorpher Film, der Silizium und
Kohlenstoff als primäre Bestandteile enthält, ist.

7. Verfahren zum Behandeln der Oberfläche eines
Grundmaterials für ein medizinisches Material, um-
fassend:

einen Bildungsschritt des diamantartigen Koh-
lenstofffilms zum Bilden eines diamantartigen
Kohlenstofffilms auf einer Oberfläche des
Grundmaterials;

einen Aktivierungsschritt des Bestrahlens einer
Oberfläche des diamantartigen Kohlenstofffilms
und Spaltens von Kohlenstoff-Kohlenstoff-Bin-
dungen, um darauf freie Radikale zu erzeugen,
die als Polymerisationsausgangspunkt dienen;
und
einen Polymerisationsschritt des Polymerisie-
rens von Monomeren unter Verwenden des Po-
lymerisationsausgangspunkts, um die Mono-
mere an die Oberfläche des diamantartigen
Kohlenstofffilms zu pfropfen, wobei das Polymer
eine biokompatible Komponente ist.

8. Verfahren nach Anspruch 7, welches weiterhin vor
dem Bildungsschritt des diamantartigen Kohlen-
stofffilms einen Zwischenschicht-Bildungsschritt
des Bildens einer Zwischenschicht auf der Oberflä-
che des Grundmaterials zum Verbessern der Adhä-
sion zwischen dem Grundmaterial und dem diaman-
tartigen Kohlenstofffilm umfasst.

9. Verfahren nach Anspruch 8, wobei in dem Zwischen-
schicht-Bildungsschritt die Zwischenschicht aus ei-
nem amorphen Film, der Silizium und Kohlenstoff
als primäre Bestandteile enthält, gebildet wird.

10. Verfahren nach Anspruch 7, wobei der Aktivierungs-
schritt der Schritt des Erzeugens eines freien Radi-
kals als Polymerisationsausgangspunkt ist.

11. Verfahren nach Anspruch 7, wobei der AKtivierungs-
schritt ein Plasmabestrahlungsschritt des Bestrah-
lens der Oberfläche des diamantartigen Kohlenstoff-
films mit Plasma ist.

12. Verfahren nach Anspruch 11, wobei der Plasmabe-
strahlungsschritt als Plasma Argon, Xenon, Neon,
Helium, Krypton, Stickstoff, Sauerstoff, Ammonium,
Wasserstoff oder Wasserdampf verwendet.

Revendications

1. Matériau médical comprenant un composant bio-
compatible,
dans lequel le composant biocompatible est lié de
manière covalente à une surface d’un film de carbo-
ne amorphe, qui est formé sur une surface d’un ma-
tériau de base,
dans lequel le composant biocompatible est un po-
lymère introduit par polymérisation par greffage sur
la surface du film de carbone amorphe qui a été ac-
tivée en clivant des liaisons carbone-carbone.

2. Matériau médical selon la revendication 1, dans le-
quel le composant biocompatible est un polymère
formé par greffage de monomères vinyliques qui
contiennent du fluor sur la surface du film de carbone
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amorphe.

3. Matériau médical selon la revendication 1, dans le-
quel le composant biocompatible est une molécule
contenant du silicium.

4. Matériau médical selon la revendication 1, dans le-
quel le composant biocompatible contient au moins
un groupe fonctionnel choisi parmi un groupe cons-
titué d’un groupe oxyde d’éthylène, un groupe hy-
droxy, un groupe phosphate, un groupe amine, un
groupe amide, un groupe phosphorylcholine, un
groupe sulfone, et un groupe carboxyle.

5. Matériau médical selon la revendication 1, dans le-
quel une couche intermédiaire est prévue entre le
matériau de base et le film de carbone amorphe afin
d’améliorer l’adhésion entre le matériau de base et
le film de carbone amorphe.

6. Matériau médical selon la revendication 5, dans le-
quel la couche intermédiaire est un film amorphe
contenant du silicium et du carbone comme consti-
tuants primaires.

7. Procédé de traitement de surface d’un matériau de
base pour un matériau médical, comprenant :

une étape de formation d’un film de carbone
amorphe consistant à former un film de carbone
amorphe sur une surface du matériau de base ;
une étape d’activation consistant à irradier une
surface du film de carbone amorphe et à cliver
les liaisons carbone-carbone afin de générer sur
celle-ci des radicaux libres qui servent de point
de départ de polymérisation ; et
une étape de polymérisation consistant à poly-
mériser des monomères au moyen du point de
départ de polymérisation afin de greffer les mo-
nomères sur la surface du film de carbone amor-
phe, le polymère étant un composant biocom-
patible.

8. Procédé selon la revendication 7, comprenant en
outre, avant l’étape de formation du film de carbone
amorphe, une étape de formation de couche inter-
médiaire consistant à former sur la surface du ma-
tériau de base une couche intermédiaire afin d’amé-
liorer l’adhésion entre le matériau de base et le film
de carbone amorphe.

9. Procédé selon la revendication 8, dans lequel, dans
l’étape de formation de couche intermédiaire, la cou-
che intermédiaire est constituée d’un film amorphe
contenant du silicium et du carbone comme consti-
tuants primaires.

10. Procédé selon la revendication 7, dans lequel l’étape

d’activation est l’étape consistant à générer un radi-
cal libre en tant que point de départ de polymérisa-
tion.

11. Procédé selon la revendication 7, dans lequel l’étape
d’activation est une étape d’irradiation au plasma
consistant à irradier la surface du film de carbone
amorphe avec du plasma.

12. Procédé selon la revendication 11, dans lequel l’éta-
pe d’irradiation au plasma utilise en tant que plasma
de l’argon, du xénon, du néon, de l’hélium, du kryp-
ton, de l’azote, de l’oxygène, de l’ammonium, de l’hy-
drogène, ou de la vapeur d’eau.
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